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ABSTRACT 
The electrochemical performances of a single cell molten carbonate electrolyte direct carbon 
fuel cell (MCDCFC) using miscanthus and switchgrass biomass carbon fuels subjected to hand 
and ball milling treatments are presented in this paper. Conventional direct carbon fuel cell 
(DCFC) uses carbon derived from coal, a fossil fuel with adverse consequences on the 
environment. This paper explores a more benign carbon fuel source which is the biomass to 
power the DCFC. The performances of the hand milled (HM) carbon fuels were slightly higher 
than those of the ball milled (BM) carbon fuels. At 800oC for the open circuit voltage, 
miscanthus fuel (1.03 V) has higher values for the HM and switchgrass fuel (0.77 V) for the BM. 
Higher peak power densities were observed for switchgrass fuel (21.60 and 12.32 mW/cm2) for 
both the HM and BM. Switchgrass fuel (74 mA/cm2) gave the maximum current density for both 
the HM and BM. Miscanthus fuel (0.72 V) show higher voltage at peak power generation for the 
HM and switchgrass fuel (0.39 V) for the BM. The peak power efficiency evaluated show that 
miscanthus fuel (70%) gave higher values for the hand milled and equal values for both carbon 
fuels (51%) for the ball milled. 
1. INTRODUCTION 
The performances of a single cell molten carbonate electrolyte direct carbon fuel cell (MCDCFC) 
with the biomass carbon fuels show some promising technology for the future. Coal that usually 
powers the DCFC is finite in nature plus the added environmental challenges of burning coal in 
power plant for electricity generation, these challenges can be alleviated using biomass in 
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MCDCFC. The molten carbonate fuel cells (MCFC) electrolyte is a mixture of alkali carbonates, 
mostly Li2CO3 and K2CO3, sometimes with additions of alkaline earth carbonates, above their 
melting point at operating temperatures of around 650oC. The charge carrier ion in MCFC is a 
carbonate ion, CO3
2-, moving from cathode to anode. An interesting feature of MCFC is that the 
depletion of carbonate ion from the cathode makes it necessary to recycle CO2 from anode to 
cathode (Hoogers, 2003). The results obtained from the MCDCFC are reproducible, the variation 
observed in the results are due to a number of factors such as ohmic resistance, activation losses, 
mass transport limitation and the aging process of the electrochemical cell system as pointed out 
by other researchers (Adeniyi, 2015; Adeniyi et al., 2014; Adeniyi and Ewan, 2012, 2011; Li et 
al., 2011a,b; Jia et al., 2010; Li et al., 2009; Wu et al., 2009; Hackett et al., 2007; Cao et al., 
2007; Cherepy et al., 2005; Nakagawa and Ishida, 1988). 
 
 
2. METHODOLOGY 
Figure 1 shows the fuel cell experimental set-up that was developed for the electrochemical 
operation of the molten carbonate direct carbon fuel cell (MCDCFC). The electrolyte consists of 
zirconia saturated in carbonated mixture (lithium carbonate and potassium carbonate). The 
electrode assembly is inserted in a high temperature furnace (600-1000oC). The anode side has 
gold mesh collecting electrical current through the gold wire electrode. At the top is mica seal 
protecting the gold mesh from the anode casing. At the cathode side is a gold mesh for current 
collection and mica seal for protection. This electrode assembly description has been presented 
in previous publications (Adeniyi et al., 2014; Adeniyi and Ewan, 2012, 2011).  
 
Figure 1: MCDCFC experimental set-up. 
 
Miscanthus and swicthgrass straws were reduced to smaller pieces before grinding. Grinding was 
carried out using the Cross Beater Mill (Model 16-150, Glen Creston Ltd., England). The 
biomass samples were dried at 100oC before pyrolysing in an electrically heated cylindrical 
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Lenton furnace at 800oC, and the pyrolysis was monitored. The carbon/carbonate fuel mixture 
was prepared consisting of the char (15 wt.%), lithium and potassium carbonates . The carbonate 
mixture components (Li2CO3/K2CO3) were mixed in the ratio of 46.6 wt.% Li2CO3 and 53.4 wt.% 
K2CO3 (Adeniyi et al., 2014; Adeniyi and Ewan, 2012, 2011; Wu et al., 2009; Cooper and 
Cherepy, 2008; Cao et al., 2007; Cherepy et al., 2005; Ihara et al., 2004). 
 
3. RESULTS 
3.1   Miscanthus (Miscanthus x giganteus) Carbon Fuel 
 
The differences between the hand and ball milled biomass carbon fuels in the molten carbonate 
direct carbon fuel cell (MCDCFC) performances using miscanthus fuel at 600oC, 700oC and 
800oC are shown in Figures 1 to 3. These figures show that the hand milled miscanthus carbon 
fuel exhibit better performances than the ball milled ones. Hand milled carbon fuel has average 
particle size of 29 μm while the ball milled were 8 μm. It was observed that at this particle sizes 
the effect of milling was not significant to produce better electrochemical reactions using the 
miscanthus fuel in the MCDCFC. The specific surface area increased from 0.57 m2/g for the 
hand milled to 0.95 m2/g for the ball milled, again this effect was not enough to enhance the 
electrochemical discharge rate using this carbon fuel (Cherepy et al., 2005). The graphs of 
comparison shown here are for miscanthus (Figure 1 to 3) and switchgrass (Figure 7 to 9) 
biomass carbon fuels. 
 
Figure 3 present the miscanthus fuel performance at an operating temperature of 800oC, it was 
observed that the hand milled fuel has high power density but low current density. The hand 
milled fuel was affected by the overconsumption of the carbon fuel at the anode which leads to 
gap between the fuel and the electrolyte surfaces and thus causing low current generation, but for 
this occurrence the current output could have been better (Adeniyi et al., 2014; Adeniyi and 
Ewan, 2012, 2011; Jia et al., 2010).  The acronym HMV and BMV refer to the hand milled 
voltage and ball milled voltage. While HMP and BMP are the hand milled power density and 
ball milled power density. Figures 4 and 5 show the SEM micrographs of the miscanthus carbon 
fuels.  These micrographs showed that there are different particle sizes and shapes, the 
connectivity of the particles in aggregates for the hand and ball milled carbon fuels look similar.  
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Figure 1 Miscanthus performances for hand (HM) and ball milled (BM) fuels at 600oC. 
 
 
Figure 2 Miscanthus performances for hand and ball milled fuels at 700oC. 
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Figure 3 Miscanthus performances for hand and ball milled fuels at 800oC. 
 
 
 
Figure 4 SEM micrograph of hand milled miscanthus carbon particles (800x) 
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Figure 5 SEM micrograph of ball milled miscanthus carbon particles (800x) 
 
3.2 Switchgrass (Pancium virgatum) Carbon Fuel 
The difference between the MCDCFC performances using switchgrass HM and BM fuels at 
600oC, 700oC and 800oC are shown in Figures 6 to 8. These figures show that the hand milled 
switchgrass carbon fuels gave better performances than the ball milled. Hand milled carbon fuel 
has average particle size of 30 μm while the ball milled has 2 μm. Again it was observed that at 
this particle sizes the effect of milling could not enhance the electrochemical performances. The 
specific surface area also increased from 0.63 m2/g for the hand milled to 2.55 m2/g for the ball 
milled (Li et al., 2009; Cherepy et al., 2005).  
 
Figures 6 to 8 show that the performances of switchgrass in this case was better than the 
miscanthus fuel with HM peak power density of 22 mW/cm2 for switchgrass as against 14 
mW/cm2 for miscanthus at 800oC. Figures 9 and 10 shows the SEM micrographs of the 
switchgrass carbon fuels. The HM SEM show larger particles than those of the BM as expected 
but contrary to expectations the hand milled fuel performed better than the ball milled carbon 
fuels.  
 
Theories, Methodologies, Tools and Applications of Computational Systems for Development 
 
Figure 6 Switchgrass performances for hand and ball milled fuels at 600oC. 
 
 
Figure 7 Switchgrass performances for hand and ball milled fuels at 700oC.  
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Figure 8 Switchgrass performances for hand and ball milled fuels at 800oC. 
 
 
 
Figure 9 SEM micrograph of hand milled switchgrass carbon particles (800x) 
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Figure 10 SEM micrograph of ball milled switchgrass carbon particles (800x) 
 
Figures 1 to 3 and 6 to 8 show the characteristics of power and voltage curves behaviour for a 
single cell molten carbonate electrolyte direct carbon fuel cell (MCDCFC). A number of 
characteristic electrochemical parameters are presented in Table 1. Miscanthus has the highest 
power efficiency of 70% at 800oC while switchgrass was lower at 60% at the same operating 
conditions. The open circuit voltage, peak power density, current density at 80% voltage 
efficiency and peak power efficiency were all higher for the hand milled carbon fuels. 
 
Table 1 MCDCFC Electrochemical performance at 800oC (HM and BM) 
 
MCDCFC Parameter 
  
M
il
li
n
g
 t
y
p
e 
 
M
is
ca
n
th
u
s 
 
S
w
it
ch
g
ra
ss
 
Open circuit voltage (V)  
                                         
HM 
BM 
1.03 
0.67 
0.87 
0.77 
Peak power density (mW/cm2) HM 
BM 
13.46 
9.00 
21.60 
12.32 
Maximum current density (mA/cm2) HM 
BM 
24.89 
41.58 
74.00 
52.06 
Current density at 0.8 V (mA/cm2) HM 
BM 
18.59 
0 
7.82 
0 
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Voltage at peak power (V) HM 
BM 
0.72 
0.34 
0.52 
0.39 
Efficiency at peak power (%) HM 
BM 
70.00 
51.00 
60.00 
51.00 
 
 
4. CONCLUSIONS 
The outcome of a single cell molten carbonate electrolyte direct carbon fuel cell (MCDCFC) 
electrochemical performances for both the hand (HM) and ball milled (BM) biomass carbon 
fuels at different operating conditions have been presented. The performances of the hand milled 
(HM) biomass fuels were higher than those experienced with the ball milled (BM). In terms of 
the open circuit voltage, miscanthus fuel (1.03 V) has higher values for the HM and switchgrass 
fuel (0.77 V) for the BM. The best peak power density was recorded for switchgrass fuel (21.60 
and 12.32 mW/cm2) for both the HM and BM. Switchgrass fuel (74 mA/cm2) also gave the 
maximum current density for both the HM and BM. For the current density at 80% voltage 
efficiency miscanthus fuel (18.59 mA/cm2) was superior for the HM and zero value for the BM 
for both fuels. Miscanthus fuel (0.72 V) show higher voltage at peak power for the HM and 
switchgrass fuel (0.39 V) for the BM. The peak power efficiency evaluated show that miscanthus 
fuel (70%) gave the higher value for the hand milled and equal values for both carbon fuels (51%) 
for the ball milled.  
 
5. REFERENCE 
[1] Adeniyi, O.D., Ewan, B.C.R., Adeniyi, M.I. and Abdulkadir, M. “The behaviour of biomass 
char in two direct carbon fuel cell designs”. Journal of Energy Challenges & Mechanics (JECM), 
vol.1 (4), 6, 2014, pp.1-6. 
 
[2] Adeniyi O.D. “Solid oxide direct carbon fuel cell electrochemical performance using wheat 
and spruce Carbon Fuels”. Energy Sources, Part A: Recovery, Utilization, and Environmental 
Effects, 2015 (in press) 
 
[3] Adeniyi, O.D. and Ewan B.C.R. “Electrochemical conversion of switchgrass and poplar in 
molten carbonate direct carbon fuel cell”. International Journal of Ambient Energy, 33(4) 2012, 
pp.204-208. 
 
[4] Adeniyi, O.D. and Ewan, B.C.R. “Performance study on the use of biomass carbon in a direct 
carbon fuel cell”. Proceedings of the Bioten Conference, SUPERGEN Bioenergy (Birmingham, 
U.K.), September 21-23, 2011, pp. 407-419, 
 
[5] Cao, D., Sun, Y., Wang, G. “Direct carbon fuel cell: Fundamentals and recent developments”. 
Journal of Power Sources, vol. 167(2), 2007, pp. 250-257. 
 
[6] Cherepy, N.J., Krueger, R., Fiet, K.J., Jankowski, A.F. and Cooper J.F. “Direct conversion of 
carbon fuels in a molten carbonate fuel cell”. Journal of the Electrochemical Society, vol.152(1) 
Theories, Methodologies, Tools and Applications of Computational Systems for Development 
2005, pp.A80-A87. 
 
[7] Hackett, G.A., Zondlo, J.W. and Svensson, R. “Evaluation of carbon materials for use in a 
direct carbon fuel cell”. Journal of Power Sources, vol.168, 2007, pp. 111-118. 
 
[8] Hoogers, G. “Fuel Cell Technology Handbook”. 2003,CRC Press LLC, Florida. 
 
[9] Ihara, M., Matsuda, K., Sato, H., and Yokoyama, C. “Solid state fuel storage and utilization 
through reversible carbon deposition on a SOFC anode”, Solid State Ionics, 175, 2004. Pp.51-54. 
 
[10] Jia, L., Tian, Y., Liu, Q., Chun, X., Yu, J., Wang, Z., Zhao, Y. and Li, Y. “A direct carbon 
fuel cell with (molten carbonate)/(doped ceria) composite electrolyte”, Journal of Power Sources, 
195, 2010, 5581-5586. 
 
[11] Larminie, J. and Dicks, A. (2003) “Fuel cell systems explained”, 2nd edition, 2003, John 
Wiley & Sons Ltd., England. 
 
[12] Li, C., Shi, Y, and Cai, N. “Mechanism for carbon direct electrochemical reactions in a solid 
oxide electrolyte direct carbon fuel cell”. Journal of Power Sources, 196, 2011a, pp.754-763. 
 
[13] Li, C., Shi, Y and Cai, N. “Effect of contact type between anode and carbonaceous fuels on 
direct carbon fuel cell reaction characteristics”. Journal of Power Sources, 196, 2011b, pp. 4588-
4593. 
 
[14] Li, X., Zhu, Z, Chen, J., De Marco, R., Dicks, A., Bradley, J. and Lu, G. “Surface 
modification of carbon fuels for direct carbon fuel cells”. Journal of Power Sources, 186, 2009, 
pp.1-9. 
 
[15] Nakagawa, N., and Ishida, M. “Performance of an internal direct-oxidation fuel cell and its 
evaluation by graphic exergy analysis”. Industrial and Engineering Chemistry Research, 27, 
1988, pp. 1181-1185. 
 
[16] Wu, Y., Su, C., Zhang, C., Ran, R. and Shao, Z. “A new carbon fuel cell with high power 
output by integrating with in situ catalytic reverse Boudouard reaction”. Electrochemistry 
Communications, 11, 2009, pp.1265-1268. 
 
[17] Cooper, J.F. & Cherepy, N. “Carbon fuel particles used in direct carbon conversion fuel 
cells”. US Patent Pub. No. US 2008/0274382 A1, 2008. 
ACKNOWLEDGMENT 
They authors would like to thank the Petroleum Technology Development Fund Nigeria,  
University of Sheffield, United Kingdom, Federal University of Technology Minna and 
Covenant University Nigeria for their support. 
 
Theories, Methodologies, Tools and Applications of Computational Systems for Development 
Lead Author Bibliography 
 
 
 
 
 
 
 
 
 
Dr. Adeniyi has authored over 36 peer-reviewed international and national journal publications. 
He is a reviewer and editor of several international journals and has attended many national and 
international conferences. He is a member of numerous professional bodies, like, Nigerian 
Society of Engineers (NSE), Society of Petroleum Engineers (SPE), Energy Institute (EI), 
Institution of Chemical Engineers (IChemE), Council for the Regulation of Engineering in 
Nigeria (COREN), Nigerian Society of Chemical Engineers (NSChE) and others. He is a visiting 
senior fellow at the School of Petroleum and Chemical Engineering, Covenant University, Ota, 
Nigeria. 
 
Dr. Olalekan D. Adeniyi works with the Federal University of 
Technology Minna, Nigeria. He received his doctorate in energy 
and environmental engineering from the University of Sheffield, 
United Kingdom. Over the years, he researched and tutored energy 
and environmental engineering related courses both at Sheffield and 
Nigeria.  
  
View publication stats
